strain MS-1 with chelator, which corresponds to a 0.26 per mil instantaneous relative depletion of 56 Fe in the Fe 3 O 4 product. These values are only slightly greater than the maximum 2 precision of 0.2 per mil for the Fe isotope compositions reported in Table 1 , and we suggest that this level of apparent fractionation is insignificant and not convincingly resolvable with our current analytical technique. Furthermore, the Fe isotope compositions of all product-reactant pairs listed in Table 1 (7, 8) . It is the sensitivity of such electromagnetic waves to minute modifications in the sample environment that makes optical waves useful for sensor applications. The essence of the technique is the principle of total internal reflection, which occurs when light is reflected from a surface above the critical angle ⌰ c . For an interface between two different layers, sin ⌰ c ϭ n 2 /n 1 , where n 1 and n 2 are the optical constants of the two layers. This phenomenon is also crucial for light propagation in planar waveguides composed of a layer with high refractive index (core) sandwiched between material with lower refractive index (cladding). As a result of the interfaces, which laterally confine the electromagnetic field, only well-defined modes similar to those in a Fabry-Perot interferometer can propagate within a waveguide. The modes are characterized by a resonance condition,
(1) where d is the waveguide thickness, k is the wave vector inside the core, ⌰ R is the angle of incidence at the cladding material, and m is the mode index.
Accordingly, if laterally resolved measurements of ⌰ R are performed, Eq. 1 can be used to study the topography of a waveguide with a precision in the nanometer range. If the surface of the waveguide is deformed, for example, by the influence of vertical external forces, one obtains an image of the corresponding indentation. When the elastic constants of the waveguide are known, the local force inducing the deformation can be calculated.
To determine the local thickness of optical waveguides, we used the prism-coupling technique (9, 10) , long known as a reliable method for the characterization of multilayer structures. The planar waveguide was optically matched to the base of a prism illuminated from below with a parallel laser beam. At well-defined angles of incidence, where the evanescent field leaking into the waveguide matches its propagation constant, this mode is resonantly excited at the expense of the reflected light intensity R(⌰), which then shows a sharp dip as a function of ⌰ (11). Regions of the sample having the correct optical thickness to support an optical waveguide mode at a chosen angle of incidence will appear dark in reflection, while other areas will appear bright (Fig. 1, A and B) (12, 13) . We sought to apply this experimental system to single living cells.
The corn pathogen C. graminicola was allowed to differentiate appressoria on optical waveguides. Because fungal development had to be monitored during the experiments, we constructed a miniaturized apparatus for the excitation of waveguides (Fig. 1C) . The experimental setup consists of two arms holding the optical components for illuminating and imaging the base of the glass prism, which carries the waveguide. The angle between the two arms can be adjusted to obtain the condition where the guided wave resonance is observed. The beam diameter of a laser diode (3 mW, ϭ 670 nm) is increased to ϳ5 mm by a beam expander, strikes a mirror, and is guided to the prism through a polarizer (P) by two positive lenses (Fig. 1C , lenses L1 and L2). The mirror is mounted on a motorized rotation stage controlled by a computer. This allows illumination of the same location of the prism base at defined angles of incidence when the mirror is rotated. The reflected light is projected with a microscope objective (lens L3; Zeiss Achromat LDN, 20ϫ/0.35) and an eyepiece (lens L4; 12.5ϫ) onto a charge-coupled device (CCD) camera chip and stored on a computer. The setup is attached to the stage of an upright microscope (Axioplan, Zeiss) equipped with epi-illuminated optics and a long-distance water-immersion lens (lens L5; Zeiss Achroplan 20ϫ/0.5w). The image of the surface of the waveguide is focused onto a second CCD camera, which is connected to an image processing system.
The optical waveguides consist of a highviscosity polydimethylsiloxane (PDMS) layer (14) sandwiched between two thin films of aluminum (Al). Of several metals tried, we found Al to provide the best chemical stability at the high-humidity conditions to which the waveguide was exposed. We first deposited a 13-nm-thick Al layer by thermal evaporation onto a glass slide to allow efficient coupling of the incident laser beam into the waveguide. Then the PDMS film was spin-cast onto the metalized substrate, resulting in uniform, highly transparent films typically 1 m thick. After spin-casting, the films were exposed to a 150-W xenon ultraviolet lamp for 2 hours. This formed a weakly cross-linked PDMS layer, which was stable enough to support a second evaporated Al layer 50 nm thick. This second metal layer was necessary to ensure optical insulation of the waveguide from the environment. The procedure resulted in a waveguide with low mechanical resistance, permitting local deformation by minute vertical forces. The optical response of an elastic waveguide upon imprinting with a micromanufactured silicon test structure with periodically arranged square protrusions is shown in Fig. 2 . Before the test pattern was pressed onto the flexible waveguide, the angle of incidence was adjusted to ⌰ ϭ ⌰ R , leading to a uniform, low-intensity reflected light image. At points where the stamp is in direct contact with the waveguide, the reduced thickness leads to a change in the reflected intensity, R. In contrast, in regions where no direct contact is made, no change in R was observed. The deformation of the waveguide is reversible; the reflected light image becomes uniform again immediately after the stamp is removed (15) . We recorded images of the same location for different angles of incidence by the computer-controlled operation of the mirror (Fig. 1) . In a period of 60 s, we adjusted the mirror to 200 different values of ⌰ within a range of about 3°and stored the reflected light images on the computer. From such image sequences, we obtained R(⌰) curves for each pixel of the CCD camera chip (resolution 768 by 576 pixels) and calculated the angle of resonance for each pixel by a fitting algorithm via Eq. 1. This revealed the threedimensional surface topography of the deformed waveguide (Fig. 2C) . From such measurements, we determined that the vertical accuracy of the method is in the nanometer range, whereas the lateral resolution, owing to the propagating nature of waveguides in the horizontal direction, is in the range of 1 to 2 m.
We used this method to visualize and measure the force that a single cell can exert on an artificial surface (16) . The two falcate conidia of C. graminicola (Fig. 3A) had been allowed to germinate and form dark, melanin-pigmented appressoria on the surface of the waveguide. The structures formed are indistinguishable from infection structures differentiated on the surface of a plant (Fig. 3B ). In the corresponding reflected light image (Fig. 3C) , two bright foci clearly correlate spatially with the locations of the two appressoria in Fig. 3A . Obviously, the thickness of the waveguide is changed at these sites, indicating exertion of vertical external force. From angle-resolved measurements, the cross section of a typical imprinted region under an appressorium-representing the shape of the penetration hypha forced into the waveguide-can be obtained (Fig. 3D) . The typical vertical deformation observed in our experiments is ϳ10 nm, whereas the diameter of the penetration hypha at the appressorial base is ϳ2 m. The area of the waveguide surrounding the penetration hypha is raised (Fig. 3D,  inset) , attesting to the tight adhesion of the appressorial base to the surface of the waveguide. As the waveguide is flexible, detachment of the appressorium due to insufficient adhesion would result in immediate extinction of the optical signal. This never occurred, indicating that the appressoria adhere tightly to the waveguides and that maximal forces were measured.
To quantify the forces that cause imprinting of the waveguide (Fig. 3D) , we measured the elasticity of the waveguide by calibrating its optical response with defined external pressures. A thin tapered glass capillary with a diameter of 5 m and known spring constant was mounted onto a micromanipulator that could be vertically adjusted with a precision of several micrometers. With this device, we exerted defined forces up to 35 N on the same waveguides that were used to analyze the appressoria. We measured the depth of the indentation by the procedure described above and obtained a linear response of the waveguide over the whole range, corresponding to deformations up to 20 nm (Fig. 4A) . The slope of the straight line shows the spring constant of the waveguide to be 1.63 ϫ 10 3 N/m. From this value we calculated the force exerted by C. graminicola during the formation of the penetration hypha underneath the appressorium. Force exertion typically began 100 to 120 min after the formation of mature-that is, melanized-appressoria (determined by visual inspection with the light microscope) and reached a steady level after ϳ300 min (Fig. 4B) . This level did not change for several hours. In 18 appressoria from four fresh preparations of conidia cultured onto four different waveguides, we measured a force of 16.8 N (SD Ϯ3.2 N, range 8 to 25 N).
Earlier studies used various techniques to measure the turgor pressure within an appressorium (17, 18) . Given that the force is applied to an average diameter of 2 m of the surface (Fig. 3D) , which is in good agreement with the size of the penetration hyphae of C. graminicola as shown by transmission electron micrographs (19) , the pressure within the appressorium would be 5.35 MPa. By comparison, Money (20) calculated that the pressure of 8.0 MPa found in appressoria of M. grisea corresponds to a force of 8 N, assuming that the surface of the penetration peg in this fungus is ϳ1 m 2 . These forces should be sufficient to breach the cuticle and epidermal cell wall of mono-and dicotylous plants (18) .
In addition to allowing precise determination of vertical forces exerted by single appressoria on an underlying surface, the waveguides have a relaxation time of less than 1 s and so may be used to monitor dynamic processes. Data obtained in this way may help to analyze the effect of antipenetrants, for example, chemical agents that interfere with melanin biosynthesis or the biogenesis of fungal cell walls. The elasticity of the waveguide can easily be varied by using different types of elastomers (21) , allowing measurements of forces down to the nanonewton range.
Cycloidal patterns are widely distributed on the surface of Jupiter's moon Europa. Tensile cracks may have developed such a pattern in response to diurnal variations in tidal stress in Europa's outer ice shell. When the tensile strength of the ice is reached, a crack may occur. Propagating cracks would move across an ever-changing stress field, following a curving path to a place and time where the tensile stress was insufficient to continue the propagation. A few hours later, when the stress at the end of the crack again exceeded the strength, propagation would continue in a new direction. Thus, one arcuate segment of the cycloidal chain would be produced during each day on Europa. For this model to work, the tensile strength of Europa's ice crust must be less than 40 kilopascals, and there must be a thick fluid layer below the ice to allow sufficient tidal amplitude.
Stress due to tidal deformation may drive global tectonics and the formation of linear features on Europa (1-6). However, the formation of the long chains of arcuate lineaments (or cycloids) on Europa has eluded explanation. These features have several arcuate segments, each ϳ100 km in length. The Voyager spacecraft observed an abundance of cycloidal ridges (called "flexi" in the nomenclature of the International Astronomical Union) at high southern latitudes (1, 7, 8) , at which location the spacecraft's observing geometry and the photometric conditions favored visibility (Fig. 1) .
The Galileo spacecraft has observed cycloidal features of different morphologic types. The 
